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1. INTRODUCTION

Although instrument responses intended for reduction of actual seismic data
are best obtained by calibration, theoretical instrument responses have several
uses. They permit prediction of system performance and aid the design of proposed
modifications to the system. They can be used to evaluate and monitor ihstrument
performance to insure conformance with design goals. Finally, since theoretical
responses usually take the form of analytical expressions they can facilitate guick
calculation of and correction for instrument response, especially when the measured
response differs only slightly from the theoretical.

However complex or detailed it may be, no analytical transfer function is
more than an approximation to reality. Not only is each expression an apprcximate
model of the circuit or system it describes, but many real physical effects must
be ignored or treated inadequately to make calculations tractable. 1In this regcrt,
an effort is made to state explicitly the major assumptions and approximations
under which the excressions are valid and to describe qualitatively the effects nes
treated in detail. Yet there may be omissions in the list of caveats, either due
to oversight or to system modifications. If discrerancies between measured and
calculated instrument responses are not explained by equipment malfunction or hich
noise in the measurements, they may be explained by discrepancies between the
present block diagram and the actual signal path.

This report is divided into five sections. After the introduction, the
second section discusses the seismometer, including the L-pad and preamplifier
input impedance. The third section treats the preamplifier-filter combination,
while the fourth section discusses the telemetry and recording apparatus. In the
fifth section, the overall response is tabluated and the entire system is cutlined.

This section is arranged for easy reference. Finally, the last section discusses



an interactive graphics program developed on the Lawrence Berkeley Laboratory
computer system for plotting the phase and amplitude of response functions

on the Tektronix 4010 or 4014 CRT.

2. THE SEISMOMETER SYSTEM

Within certain limitations, the response of a mass-on-a-spring seismometer
with a coil-magnet transducer may be deduced from very basic physical principles.
Although this derivation is well known, it is outlined here for two reasons:

1) to make this report complete, 2) to emphasize the simplicity of the calculations
from a novel viewpoint.

Figure 2.1 shows the model of the seismometer system. A magnet of mass m
is suspended by a spring of spring constant K from the seismometer case within a
coil of DC resistance R, The position of the mass relative to the case is X
and relative to an inertial reference frame is X so that X _= XX is the position
of the case relative to the inertial reference frame. The generator constant of
the magnet-coil cormbination is GL(in v/m/sec), and the pad and preamplifier inpuc
resistances are as shown.

There are two forces'on the mass: the spring$ restoring force and the
magnetic damping forces. Gravity is neglected, as it simply displaces the
equilibrium position X()of the mass. The two forces are

Fs = spring force = —K(X-XO)

. (2.1)
Fd = damping force = -bx
where the latter has been assumed to be proportional to the relative velocity be-

tween the magnet and the coil.

By Newton's second law, F = Fd + Fs = ma, where a is the acceleration of the
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mass relative to any inertial reference frame.

Fd + Fs = ma = mxm (2.2)

Substitution of Fd and Fs from equation (2.1) with Xm =X + Xc (see Figure 2,1)

and X = Xo

0 ylelds

-K(X-XC) - b(X-Xo) = m(X-Xd+Xc) (2.3)
Let Y = X - Xo be the position of the mass relative to the case, defined with respect
to the equilibrium position Xo. Then

t+2y4+k
m m

Y = =X .

= -X,_ (2.4)
is the equation of motion of the seismometer. This is just the standard equation
for damped, driven harmonic motion, with the acceleration of the seismometer case

relative to the inertial frame of reference as the driving term.

For convenience, the following definitions are made:

2 _K _
w, = /m w, natural (angular) frequency
Q = Yo" = quality factor or inverse damping (2.5)
b
g=z_1 = b = damping factor or fraction of critical damping
2Q 2m...1°

Here wg is the (angular) frequency at which the seismometer would resonate in
the absence of damping, Q is a factor inversely proportional to the damping and
B is the fraction of critical damping. At critical damping Q = 1/2 and 8 = 1.

Expressed in terms of these parameters, the equations of motion are

Y + ng +w°2Y=-3ic
or Y+ 2w, BY + w02Y = - 3Ec (2.6)

Transfer functions for the seismometer system are obtained by considering

L13 1w . R .
a monochromatic input acceleration Xc(t) = a.e t, which results in oscillations

Y(t) = ve'®® a¢ the same frequency. Then

R S "l/“’ 2
a_ Q 2.7)

Qa- “’z/m ) + 2 18w
o Wy

where w = 27f is the angular frequency of the motion.
4



Now the voltage output of the seismometer is determined by the magnet-coil
generator. Figure 2.2 shows a simple model of the system, consisting of a
voltage generator(i?in series with the coil resistance Rc. The output voltage ¢
across the preamplifier input impedance RA is calculated from simple resistive

divider theory as

e = qﬁ RAS 1
S+ R T+ R + RS
* : -SA-;—R (2.8)
A
Y R S °
- GLY A GeffY
(s + RA) (T + Rc) + RAS
- G, RS
where Geff = L A
(s + RA)(T + Rc) + RAS

iw

For the single frequency driving term ﬁc(t) = ace t, % = iwY and the transfer

functions become
G . iuY -iGeff w/wo2
= = 2 . (2.9)
c c (1 -w/,2) +2i8w

o w
o

This is the seismometer voltage response to ground acceleration.

Ground displacement at a single frequency W is related to ground acceleratica

as Xc = -ac/wz. Hence, the seismometer voltage response to ground displacement
is
3, 2
T (W= e = -ew? = Cefs? Juwo
s X : 2 (2.10)
c ¢ (1 -w/ 2) + 2i8uw
Wo _—
Yo
In terms of the absolute frequencies f = ®/2m and f, = w,/2m , this is
, 3
T () = e = ‘MiGgp £/E,2
S X 2 "
c (1-f /f 2) + 2icf (2.11)
"o fo
3
Znicefff
2 2 ,
fo - £ + 21Bff°



As shown in equation (2.11), the frequency response of the seismometer
is completely determined once the parameters f,,B , and G.ff are known. The
natural frequency fb is measured for each seismometer by applying a
variable-frequency current source and finding the frequency at which the
current through the coil and the voltage across it are in phase. Since the
driving force is proportional to the instantaneous current, the ratio of
voltage to current is proportional to expression (2.11), and the two are in
phase only when f = f,. Measurements of f, are usually accurate to a few
percent. The damping for any given circuit configuration can be measured by
exciting the seismometer and observing the decay of the resulting oscillations
on an oscilloscope or chart recorder. Usually, measurement of a few amplitude
peaks is sufficient to determine B to better than 10%.

Physically, the damping arises from two sources: dissipation due to eddy
currents induced in the coil and coil form or coil frame (if any), and
resistive dissipation due to current flowing in the coil and external

resistances.

Fq = Fq (eddy) + Fq (res) (2.12)

This difference in physical mechanisms leads to a natural division of each of

the damping constants b and B into two additive elements:

b=b, + bl (2.13)
B=E8,+ £
where B, = -il;—‘i—;— By = 5—%}—
o



The first of these elements describes the "open circuit damping," which occurs
when no current flows in the seismometer coil, while the second describes the
additional damping due to loading by finite external resistances.

Since the first term depends on the details of construction of the coil,
its form, and its frame, and on the amount and nature of metallic meterials
used in them, the first term is not calculable in general from first
principles. However, the second term may be calculated simply from the model
in Figure 2.2. The effective impedance seen by the generator GLQ is just RC

and T in series with the parallel combination of S and RA :

6ba



A
Reee =TT R ¥ TR, (2.14)
Thus, the power dissipated by the resistances is
2 _ e _ - A
P =-V__ = L = _L
dl R R X (2.15)
eff eff eff

This power can also be expressed as the product of the resistive damping force

and the magnet velocity,

Pdl = FdlY, (2.16)

Equating expressions (2.15) and (2.16) for the power dissipated by resistive

damping yields the following for the damping force:

-cin .
= z -b.Y
a1 TR 2 01
G € G, “(S+R,)
whence b. = L L *7 A (2.17)
+
1 Reff (Rc T) (S+R.A)+SRA ‘ o
Note that F is negative as the motion and the force are in opposition.
The open-circuit and resistive damping constants are then engessed as
G
Bo = —oa— B, = ! = 5
2me, meo muoReff (2.18)

This expression shows that the additional damping due to external circuit
resistance is related to the generator constant 93 the mass m, and the circuit

constants involved in R
eff.

Seismometer manufacturers supply fairly accurate values for m and quith the
instruments. However, the value of GLcan change as the magnet ages or degrades
with shock and temperature. Equation (2.18) can be used to estimate G as follows.
First, the open circuit damping B, is measured in the usual way. Then the damping
B for a given circuit configuration (a given T, S and RA) is measured in the same
way. Finally, G is calculated from the circuit parameters and the value 81 =f - 80
according to equation (2.18). As for the resistances Rc’ T, S, and RA involved

in expressions (2.8) and (2.14) for Geff and Reff’ all are easily measured; and



both T and S are specified in the circuit design.

Although equation (2.11) is a fair approximation to the seismometer
response, there are several ways in which the expression can fail to represent
reality. Throughout this section, linear response has been assumed for both
the mechanical system and the transducer. A particular system may deviate
significantly from linearity due to small defects in its manufacture, ageing,
metal fatigue, stick-slip, or abuse. Even a properly made instrument is only
linear in a small region about its equilibrium position. Non-linearities can
result in distortion of waveforms, changes in gain with the average position
of the mass, or artifacts in the data.

Slow, smooth changes in the transfer function with time may result from
ageing of the magnet or spring. In a seismometer such as that modeled here,
containing a single mass suspended from a single spring, the natural frequency
fb will decrease as the spring relaxes*, and both the gain Geff and the
damping 8 will decrease as magnetization is lost. Only careful comparison of
response measurements with theoretical expectations can hope to reveal, let

alone identify, such changes.

3. CIRCUIT ANALYSIS OF THE J302 PREAMPLIFIER
In this section, the preamplifier and filter sections of the J302

Preamplifier, Voltage-controlled Oscillator Unit are analyzed to provide:

# Note: Where more than one elastic element supports the seismometer mass,
the natural frequency may increase if the effects of auxiliary elastic
supports become dominant as the main spring ages. This appears to be the case
with seismometers in the Central California Network. Private communication
from Jerry Eaton.



1. The gain
2. The frequency response

3. Small correction factors to the attenuator settings

4, Positions of poles and zeroes in the response function

Figure 1 of the note "J302 Preamplifier, Voltage Controlled Oscillator
Unit" by John Van Schaack shows a schematic diagram of the entire circuit. A
simplified diagram of the preamplifier and filter circuits is shown in Figure
3.1 of this report. Except where certain components have been lumped together

for ease of analysis, part

8a
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designators in the two diagrams are the same. For clarity, components which
do not affect the frequency response of the system have been omitted from the
figure.

The first preamplifier filter stage is shown schematically in Figure 3.2.
Parts designators have been changed to show the mathematical relationships between
component values, and the differential input impedance Z of the operational
amplifier has been included for accuracy.

Let the voltages E. and E2 applied at the inputs and the other circuit

1

voltages be as shown. By definition of the open-loop gain A of the operational
amplifier, the output voltage Eo is

E,.= A (e2 -e (3.1)

(o} 1)

Other necessary equations are derived from the conservaticn of current at
the circuit nodes. Consider first the inverting input of the amplifier. An

amount of current i, = (E

1 - el)/R flows into the terminal through the input re-

1

sistance R. The current flowing from the terminal through the input impedance of

the amplifier is i, = (el - ez)/Z. Finally, the current flowing into the terminal

from the output, through the parallel combination of Rl and Cl’ is
i,= (€ _ -e,) (1 + juwR C.) where Rl is the impedance function of
3 o 1 1717, -
1+ ijlCl

o

R1 and C1 in parallel. By conservation of current, the sum of currents flowing
into the node must be zero:
il - 12 + 13 =0 (3.2)

Substituting the above expressions for the currents yields

(Ey -e) 4 (ep-e)) L (EBo-e) juR C,) = 0 (3.3)
R z R

A similar equation is derived by considering conservation of current at the non-

inverting terminal:



A OE

(o]

Eo = A(ez-el)
4
A>5x10

7
W\
|
[

Figure 3.2 Idealized Schematic Drawing of First Stage of Preamplifier sh:oim
in Figure 3.1, with parts designators showing mathematical relationships between

component values.

O

FROM FIRST STAGE
2,

(low impedance source)

TO SECOND STAGE

c
! & ‘ ' * -

ll (high impedance input)

b

Ground

Figure 3.3 1Idealized Schematic Drawing of Attecnuator and Highpass Filter
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2°% + (e -e) _ e (+wRrRC) | 4 (3.4)

R Z Rl

Together, equations (3.1), (3.3) and (3.4) constitute three equations in the

three unknowns € e, and Eo' They can be solved for the transfer function

—=2—— | The result is
E.,~-E
2 1
E R 1
—. — (3.5)
I - E X 1, .1 R, . 2R
2 5 (1 + JuR C)) (1+A)+A[RI+ 21;

The open loop gain A of the operational amplifier is at least 5 x 104. Hence, the
terms containing the factor 1/A can be neglected to an accuracy of better than

1. The transfer function for the first stage is then appreximately

E (3.6)

—C .= Y - R3 1

E, - E 1 X [
1+ juRC 1 + ju(R3)(CD)

where the last expression is in terms of the parts designators of Figure 3.1l. Note
that the RC network at the non-inverting input has no effect on the respcnse of
this circuic. It merely serves to balance the impedances seen from the two
inputs of the operational amplifier to maintain thermal stability.

Since the output impecance of the first stage is low, the first stage may
be conveniently separated from the rest of the circuit for analysis. In addition,
the second operational amplifier is run in the'non-inverting" configuration,
which has very high input impedance. Hence, the attenuator and highpass filter
which lie between the two active stages may be analyzed as a separate unit. This
unit is shown in Figure 3.3, in which the attenuator is represented as a simple
voltage divider with variable resistances Ra and Rb'

The transfer function of this network is obtained by inspectioh, using the

usual rules for parallel and series impedances:

12



1
R (k+ij)Rb 1

T (w) =
n 1 1 (R+1 )
R+——jwc Rb+R+—"‘jwc Ra+ _[u)C Rb
1
xb+R+j_w—é (3.7)

R Rb Rb (JwRC)
na(ab+n+3—'-i—c)+(R+—-}‘;8Rb Ra+Rb+ij[RaRb+R(Ra+Rb)]

This equation can be rearranged to the form

R . 1 . jwRC [1 + Rp/Rj

Rat B 1+ Ep_ 1 + juwRC [1+Rp/R]
R

Tn(w) = (3. 8)

Ra%

where R.p = —E;:EE_- is the resistance of Ra and Rb in parallel. Thus, the
interstage network acts, as expected, like an attenuator followed by a highpass filter.
Loading of the divider by the highpass filter has two effects. First,
the attenuation factor is not simply Rb , as expected, but contains the
R+Rb
a

additional correction factor (1 + Rp/ )-1. Secondly, the effective time constant
R

of the highpass filter is increased by the factor (1 + Rp/R). Both these effects
depend ontle ratio R?/R, which varies with the attenuator setting. An examination
of the actual attenuator in the J302 note shows that Rp is at most 8K, when

Ra = Rb = 16K. This occurs when the divider attenuation is 6db. Thus, the worst-
case correction factor is

(1 + R /B (max) = 1+ 23;.—51( = 1.12 , (3.9)

so that the attenuation is increased by 1.6 db and the filter cutoff frequency is
decreased by about 11% for this setting. At higher attenuation, the corrections
to the simple attenuator-highpass filter approximation become negligible.

The response function of the inter-stage network (equation (3.8)) can be re-

written

T () = 1 _ju(R8)(C3)C”
n RARc™ 1+ juRe)(C3)C’ (3.10)

13



R factor,
where Rb+ is the divider attenuation /C” 1is the correction factor 1 + RP/R'

a
and the part designations are those of Figure 3.1. In many cases, the correction

factor C° need not be considered, as it is swamped by component tolerances,
which are typically 5 to 10 percent. However, in accurate work one may wish to
include this factor, so its values as a function of attenuator setting are listed
in Table 3.1.

In the second preamplifier-filter stage there are two sections. One is the
lowpass filter in the feedback network of the operational amplifier, and the
other is the highpass filter driven by the operational amplifier (see Figure 3.1).
An 1dealized schematic of the second stage is shown in Figure 3.4. The two
types of filtering are mathematically separable due to the low output impedance
of the operational amplifier.

According to the standard theory of fedback operational amplifiers in the
non-inverting configuration, the response of the amplifier circuit is given by

Z

T (W = 1+ _£ (3.11)

!

where Z_ 1is the feedback impedance of the amplifer. Here Zf is just the

f
parallel combination of R2 and C_,, so that R.R
2 1 + 3 172 c
R R YRR, 2
T (W) = 1+ 2 = (1+2 1 2 (3.12)
a R1(1+ ijZCZ) R

1 1+ ij2C2

The DC gain is just 1+ RZ/Rl' as would be expected if there were no feedback

capacitor. The pole at wy = §?E— describes the lowpass filter, while
272
the zero at w = i indicates that the lowpass response does
R
i I
+
Rl R2 2

not roll off indefinitely, but returns to unity gain above some breakpoint
frequency due to the non-inverting feedback configuration. For the component

values 1in Figure 3.1, the frequency corresponding to this breakpoint is

14



Divider
Attenuation

(db)

12
18
24
30
36
42

48

Table 3.1 ATTENUATION CORRECTION FACTOR

0
16.2K
24.26K
28.28K
30.28K
31.28K
31.78K
32.03K

32.154K

R = 66.5K

Ry

32.276K
16.076K
8.016K
3.996K
1.996K
996
497
248

124

R

R
a

P Ra+Rb

15

8.06K
6.03K
3.5K
1.88
975
486
246

123

Correction
Factor
C =1+R P /R

1.00

1.12

1.091
1.053
1.027
1.015
1.007
1.004

1.002

Additional
Attenuation
1 (db)

c’

.76
.46
.22
.14
.06
.04

.02
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1

w - 1
£- "2_“'l 2m (RO (RI10) .,
R9 + RI10

6.2 mz.

Since this frequency is well above the region of seismological interest, the
upward breakpoint and the zero in equation (3.12) may be ignored for most
practical purposes.

The CR network driven by the operational amplifier is a simple single-pole

highpass filter, whose response is given by

- {wR“C
Tb (w) 1 + JOR°C (3.13)

Where R” is the effective resistance from the output labeled VA in Figure 3.4 to
ground. Due to the finite input impedance of the VCO, this resistance will depend

somewhat on the setting of potentiometer Rd (R15 in Figure3.1). However, to a

fair approximation, particularly for low settings of Rd’ the resistance R” can be

taken as just the sum of Rd and RC. The output of point VA is then given by

equation (3.13) with R’= Rc + R Resistors RC and R, comprise an attenuator

d’ d
for the purpcse of setting the VCO band edges. Since their effect is purely
resistive, they do not contribute to the shape of the preamplifier respcnse; so
they need only be considered when the VCO - discriminator gain is taken into

account (see Section5). The response of the second stage to point VA is then

just the product of the responses of the amplifier and highpass filter
R,R

12 ¢
R 1 +jw g 2 ,
Ty(w) = T, )T, (W) = (1+ i& ) 1182 . __JuR’C (3.14)
1 1 + juR,C, 1+ juR’C

Using the component notation of Figure 1, this equation becomes

(R10) (R9)
R10 1+ 3010+ ro . Ju(RI& + RIS) €5 (3.15)

RO 1 + jw(R10) (C4) 1 + ju(Rl4 + R15) CS

Tz(w) = (1 +

So far, the responses of the separable sections of the preamplifier have been
derived in equations (3.6), (3.10) and (3.15). The response of the preamplifier

as a whole is just the product of the section responses:

17



T (w) = Tl(uo T (w) Tz(w)

- (R10) (R9)
B A a0, (JW(RB)(CIC )(jw(R16+R15)C5)(1+jw§I6—%—§5— c4)
VR A U TR

(1+Jw(R3) (€2)) (14+jw(R8) (C3)C”) (1+3w(R10) (C4)) (1+3uL(RI4+R15)C5)

Q£/£)) (J€/£) (143875 )

=G
(i+Jf/f1)(1+jf/fz)(1*1f/f4)(l*Jf/fS)
R r3 R10 1 R
wvhere G = —(35) ((1+7) ( ) = (37,200) ———=—— (3.16)
xa+Rb R2 R 1+ RaRb Ra+Rb
(RB)(Ra*Rb)
S
A ———— = attenuation
LA

£ - [2I(R3)(€2)]™Y = 48.4 HZ

[2nre) (c3)c’1™r = [2n(r8)(c)]1L = .096 HZ

(o)
.

-1

(22RO RO 1-1 . ¢ 15 uz

R10 + RS

»
[ ]

[27(R0)(C&)1™2 = 49.8 nz

N
[ ]

[2ﬁ(R14+R15)C5]-1 = ,085 HZ

lad
[ ]

The overall gain G of the J302 unit is determined primarily by the attenuator

Ry

corded in the station log, but these differ slightly from the actual attenuation A.

setting A £ Nominal values of the station attenuator setting Aita are re-

In table 3.2, the actual divider attenuation A, the attenuator correction factor %,,

and the actual J302 gain G are shown as a function of the nominal station attenuator

setting Asta'

18



Nominal
Station
Attenuator
Setting

sta

(ddb)

12
18
24
30
36
u2
u8

A

TABLE 3.2 ACTUAL J302 GAIN VERSUS

NOMINAL STATION ATTENUATOR SETTING

Actual
Divider
Attenuation
Factor

+
Ra 'Ry
(amplitude
ratio)

. 000

.4981

.2u84

.1238

.184 x 10
.086 x 1072
.540 x 1072
.683 x 1073
842 x 1073

Attenuator
Correction
Factor

1 1

-—, =

[ 1+Rp /R
RR

R =
PORR
R = 66.5K

1.000
0.892
0.917
0.950
0.973
0.985
0.993
0.996
0.998

19

Actual J302 Gain G

(amplitude
ratio)

37,292.
16,565.
8,492,
4,386.
2,2u3,
1,134,
570.0
285.5
143.0

(db)

91.4
84.4
78.6
72.8
67.0
61.1
55.1
49.1

43.1



4. TELEMETRY AND RECORDING SYSTEHS

In an ideal seismographic network, analysis of the system response ends
with consideration of the seismic amplifiers and filters, which are designed to
enhance the desired signals. However, in real networks the equipment used to
transmit and preserve the data for future use has its own effects on the system
response. Some of these effects are inherent in the system design and result
from trade-offs between performance factors such as noise, data volume, bandwidth,
and dynamic range. Other effects, like distortion, cross-talk, and interference,
may be unplanned, but alter the system ressonse nevertheless.

Figure 4.1 is a block diagram of the telemetry and recording systems. Data
from the seismic preamplifier and filter in the form of low—frequency voltage
variations are converted to frequency modulation of an audio-frequency carrier in
the VCO (voltage-controlled oscillator). The resultant FM (frequency-modulated)
signal is filtered to improve its spectral purity and reduce crosstalk with
neighboring carriers and then multiplexed, i.e. added algebraically with other
carriers in a surming amplifier. The resultant bundle of multiplexed F¥ carriers,
which may contain from one to eight different channels of data, is telemeterad
to the central recording facility by phone line and/or radio link.

Each bundle of tones is recorded directly on a single track of 1" wide
instrumentation-quality magnetic tape. The data are preserved as a bundle of
carriers for future use, and they may be dubbed onto library tapes in the same
format. For analysis, the data are reproduced on an instrumentation tape recorder
with both capstan servo control and subtractive tape speed compensation. The
carrier bundle from each track is demultiplexed and each tone is demodulated by
a bank of eight discriminators selected for the appropriate playback speed.

To provide for multiplexing and demultiplexing up to eight data channels,
each VCO-discriminator pair contains three filters. The VCO output filter, a

bandpass filter centered about the unmodulated carrier frequency of the particular
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channel, has already been mentioned. The discriminator contains a similar filter,
which helps demultiplex the carrier bundle by passing only a single carrier.
The third filter is a multi-pole lowpass filter at the output of the discriminator,
which eliminates the carrier frequency from the demodulator output. Though these
filters are intended merely to provide efficient transmission and reception of
multi-channel data without crosstalk, each has a definite effect on the overall
system response.

A constant- bandwidth FM system is used for the Central California network.
Each tone bundle consists of up to eight carriers, with center frequencies at
680, 1020, 1360, 1700, 2040, 2380, 2720, and 3060 Hz. For each carrier, full scale
modulation corresponds to a change in frequency of + 125 Hz. Since the carriers
are separated by 340 Hz, there is a gap of 90 Hz between adjacent bané edges. The
function of the VCO output filter is to pass all the frequencies in a given
channel (f0 + 125 Hz) but to attenuate strongly signals outside that band. For
effective channel separation, the filter must attenuate frequencies at the adjacent
band edges (fO + (125+90) Hz) by at least 40 db relative to all signals in the
channel. The filter is best designed with a flat passband and an extremely rapid
cutoff outside the passband.

Because the bandwidth of the VCO output filter (+ 125 Hz) is large compared
to the bandwidth of seismic interest, and because the amplitude of the data is
represented by the frequency rather than the amplitude of the FM carrier, the
VCO output filter has little effect on the amplitude response of the system.
Its delay, however, does have an effect on the phase response of the system. Un-
fortdnately, the transfer function of the VCO output filter for the J302 has not
been_analyzed in detail, and this is a possible area of future work. Yet a
worst-Case estimate of the phase delay of the filter is obtained simply by taking

the reciprocal of the half-bandwidth:
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At = 1/f = 1/125 Hz = 8 ms (4.1a)
we
The corresponding worst-case phase shift, which occurs at the upper (30 Hz)
end of the seismic band, is

Ap = £At +360° = 8 ms . 30 Hz . 360° = 90° (4.1b)
wc wc

Such a phase shift can be significant only in studies of the phase properties
of individual seismograms near the upper end of the seismic band.

Timing errors due to this delay can normally be ignored. The crucial
factor in seismological analysis is not the absolute value of the delay at any
one station, but the relative delays between stations. As long as all
stations of interest use the J302 preamplifier-VCO unit, variations in delay
from station to station will remain typically below 10% of At . and thus
will be significantly only at the 1 ms level.

The discriminator input filter, which separates the particular channel to
be demodulated from the other channels in the bundle, is similar in structure,
function, and effect to the VCO output filter. When data are played back and
discriminated at a higher tape speed than that used for recording, both the
channel separation and the bandwidth must be scaled by the speedup factor, so
the absolute delays are proportionally lower. However, on the time scale at
which the data are recorded, the absolute delays produced in playback at a
higher speed appear proportionally longer. These two effects cancel so that
the delay properties of a given type of bandpass filter are independent of the
speed used for playback. The worst-case phase and group delays for the
discriminator input filter are thus the same as those deduced above for the

VCO output filters.

23



Three types of discriminators are currently (1975) in use at the
Earthquake Research Center: the Develco model 6203, set for a speedup of x U,
the Airpax model FDS 30, set for a speedup of x 16, and the home-made model
J301, designed by John Van Schaack for use in real time. None of these
devices have standard input filters amenable to simple mathematical
description. However, Tri-Com model 402 discriminators designed for use with
a speedup factor of x 16 have been ordered for the Central California
seismographic network, and these devices have simple 5-pole Bessel input
filters,

Of the three filters in the telemetry-recording system, the discriminator
output filter has the greatest effect on the system response. In order to
eliminate vestiges of the carrier signal from the data output and produce a
faithful reproduction of the slowly varying seismic signal, this filter must
roll off at a fairly low frequency, which determines the bandwidth of the VCO
discriminator pair and hence the bandwidth of the system.

All discriminators used with the Central California network have multipole
lowpass output filters with a cutoff frequency in real time of 30 Hz. (The
frequency is scaled with the speedup factor for playback where necessary.)

The filters in the J301, Airpax, and Develco discriminators have not been
mathematically analyzed, and the filter in the Develco discriminator is
particularly intractable to analysis, being based on a rather strange design.
The Tri-Com discriminators on order have 5-pole Bessel output filters designed
by the manufacturer, and 5-pole Butterworth filters are available. Both

filters have a transfer function of the following form:
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_ 3 I3
T.(3) = 7 10
f GT,) GF) E-T) BF) EZ )

(4.2)
1

T (f) =
f . .
(1+1£/f6) (1+if/f7) (1+1f/f8) (1+if/f9) (1+1f/f10)

where § = i“/“c is the scaled complex frequency, the“SJi are the scaled
complex positions of poles in the filter response, and w, = 21rfC is the
angular cutoff frequency (the scaling frequency), here 60x rad/sec. The
subscripts 6-10 are used rather than 1-5 to avoid confusion with the

characteristic frequencies already derived for the J302 in Section 3. For the

Bessel filter ordered, the pole positions are

~ e - 2

S¢ = -1.5023

’57’8 = -1.3808 + 1 .7179 (4.3)
Sg.10 = ~-9576 + 1 1.4711

’§'6 = -1
‘5’7’8 = -A + iB (4.4)
”5'9’10 = -D + iC
where A = sin(7/10) B = cos(m/10)
C = sin(n/5) D = cos(m/5)

The corresponding characteristic frequencies used in the second expression of

(4.2) are given by f . -8, £
Plots of the phase and amplitude response for both the Bessel and Butter-

worth filters are shown in Figures 4.2 - 4.9 (see note on p. 25a). For each

filter, responses are shown over a narrow range of frequencies near the cutoff
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frequency as well as over a broad range of frequencies including the seismic

band. Note that the filters differ little in the gross characteristics of
their responses, but that the Butterworth filter has a flatter response and
sharper cutoff. On the other hand, the Bessel filter has more linear phase,

and hence constant delay, near cutoff.

The Bessel output filter was chosen for the present application because

accuracy of timing, rather than ease of calibration of spectral amplitudes,

was thought to be of paramount importance. Unlike the Butterworth filter, the

Bessel filter has constant group delay throughout its passband, and both the

absolute delay and the unit-to-unit variations in delay are smaller for the

Bessel filter than for the Butterworth. The only advantage of the Butter-

worth filter is the flatter amplitude response near the cutoff frequency,

which renders spectral calibration of the system less critical. However, with

the automatic calibration system now being installed throughout the Central

California network, correction of spectra for instrument response will be

simple and quick, while the problem of correcting seismograms for phase

response has not yet been attacked. Thus, in view of the purpose and

capabilities of the present array, the sole advantage of the Butterworth

filter is debatable.

®Note: The scaled pole goiitions are exgressed by the manufacturer in the

form Ty = -f, /f. , which is scaled by the cutoff frequency f. = 30 Hz .

Accordingly, the plots in Figures 4,2-4.9 were produced by a computer program

which used the pole positions in Equations 4.3 and 4.4 (see page 71), but
which scaled all frequencies by the cutoff frequency "f." during the
calculations (see page 63, line 127). The cutoff frequency is

entered manually during the interactive plotting process (see page 60, lines
48, 49, and page 52).
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Beside the three filters in the telemetry equipment, there is little in
the telemetry-recording system to alter the overall response. The
instrumentation tape recorders have nominal direct-record bandwidths of 4000
Hz and usable response up to 6000 Hz, and the phase and group delays
associated with such bandwidths are negligible compared to those of the
telemetry filters. Amplitude variations in the phone lines, radio links, and
record-reproduce process are unimportant since the seismic information is
carried as frequency modulation on the tones. Occasionally, frequency shifts
of the tone bundles are produced by microwave links in the telephone channels,
but these produce offsets in the data without altering the system response.
Thus, for practical purposes, the effect of the telemetry-recording system on
the overall response is simply the effect of the three data filters. In those
cases in which small delays introduced by the two carrier filters are
unimportant, the entire system of Figure 4.1 can be represented by the single

transfer function (4.2).
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FIGURE 4.2 AMPLITUDE PESPOMSE OF S—FPOLE BESSEL LOWPASS FILTER
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FIGURE 4.3 FHASE RESPOHSE OF S-POLE BESSEL LOWPASS FILTER
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FIGURE 4.4 AMPL RESPUHSE MEAR CUTOFF OF S-POLE BESSEL LOWPA3SS FILTER
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FIGURE 4.5 PHASE PRESPONSE NEMR CUTOFF OF S-POLE BESSEL LOPRSS FILTER
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